Rayleigh wave phase and group velocities along with P wave receiver functions. Ambient noise tomography exploiting data from more than 200 seismic stations deployed over the past 18 years is used to construct Rayleigh wave phase and group velocity dispersion maps. Comparison between the ambient noise phase velocity maps with those constructed using teleseismic earthquakes confirms the accuracy of both results. These maps, together with P receiver function waveforms, are used to construct a new 3-D shear velocity (Vs) model for the crust and uppermost mantle using a Bayesian Monte Carlo algorithm. The new 3-D seismic model shows the dichotomy of the tectonically active West Antarctica (WANT) and the stable and ancient East Antarctica (EANT). In WANT, the model exhibits a slow uppermost mantle along the Transantarctic Mountains (TAMs) front, interpreted as the thermal effect from Cenozoic rifting. Beneath the southern TAMs, the slow uppermost mantle extends horizontally beneath the traditionally recognized EANT, hypothesized to be associated with lithospheric delamination. Thin crust and lithosphere observed along the Amundsen Sea coast and extending into the interior suggest involvement of these areas in Cenozoic rifting. EANT, with its relatively thick and cold crust and lithosphere marked by high Vs, displays a slower Vs anomaly beneath the Gamburtsev Subglacial Mountains in the uppermost mantle, which we hypothesize may be the signature of a compositionally anomalous body, perhaps remnant from a continental collision.
Introduction
Knowledge of the basic attributes of the lithosphere, such as its seismic properties, Moho depths, lithosphere thickness, temperature, and composition, plays an important role in understanding the tectonic history of the continents. Obtaining such knowledge about continental Antarctica is especially important because limited information can be retrieved from geologic exposures, as approximately 99% of the continent is ice-covered. It is also important to understand the interaction between the Antarctic lithosphere (and the deeper mantle) with the ice sheet, as its thermal state contributes to the change of the thick ice sheet in a warming Earth. For instance, the thickness and temperature of the West Antarctic lithosphere impact the surface heat flow, which provides important boundary conditions to model the ice sheet dynamics (e.g., Blankenship et al., 1993; Fahnestock et al., 2001; Pollard et al., 2005) . Additionally, knowing the seismic structure also helps to constrain the strength and viscosity of the lithosphere and mantle, which are essential for understanding glacial isostatic adjustment (GIA; e.g., van der Wal et al., 2015) , and are important for modeling the projected evolution and stability of ice sheets into the future (e.g., Gomez et al., 2015) . Thus, better constraints on lithospheric structure are needed to improve our knowledge of the interaction between tectonics, the cryosphere, and Earth's climate (Morelli & Danesi, 2004) .
Before the last decade, most seismic investigations of Antarctica were focused on controlled source experiments that provide localized images and constraints (e.g., Ikami & Ito, 1986; Kogan, 1972; Stern & ten Brink, 1989) and passive source investigations that generated low resolution images at larger scales (e.g., surface wave studies by Bannister et al., 2000; Rouland & Roult, 1992; Ritzwoller et al. (2001) ; Morelli (2000, 2001) , Sieminski et al., 2003; Morelli & Danesi, 2004) . These studies had highly limited resolution due to a lack of seismic stations deployed in remote Antarctica but clearly revealed first-order structure across the continent. Most fundamentally, these early studies all revealed a strong dichotomy in lithospheric structure: West Antarctica (WANT) is underlain by thin crust and thin, seismically slow lithosphere whereas East Antarctica (EANT) is underlain by thicker crust and thick, seismically fast lithosphere.
Since 2001, regional seismic experiments such as TAMSEIS (2001) (2002) (2003) , AGAP/GAMSEIS (2007 , ANET/POLENET (2008-present) , RIS/DRIS (2014 , and TAMNNET (2012 TAMNNET ( -2015 have accumulated a tremendous amount of seismic data that have enabled new, higher-resolution investigations of Antarctic crust and mantle structure. Studies have included body wave tomography (Brenn et al., 2017; Hansen et al., 2014; Lloyd et al., 2013 Lloyd et al., , 2015 Watson et al., 2006) , teleseismic surface waves Graw et al., 2016; Heeszel et al., 2013 Heeszel et al., , 2016 Lawrence et al., 2006a; Vuan et al., 2005) , surface waves derived from ambient noise (Pyle et al., 2010) , receiver functions (Chaput et al., 2014; Emry et al., 2015; Finotello et al., 2011; Hansen et al., 2009 Hansen et al., , 2010 Hansen et al., , 2016 Ramirez et al., 2016 Ramirez et al., , 2017 , seismic attenuation (Lawrence et al., 2006b) , and shear wave splitting (Accardo et al., 2014; Barklage et al., 2009; Graw & Hansen, 2017) . These studies have revealed a number of new details of lithospheric structure, especially at regional scales.
In this study, we construct a 3-D model at a continental scale by incorporating data from all available seismic arrays and by analyzing them with the recently developed data processing and imaging techniques. These techniques include ambient noise tomography (Sabra et al., 2005; Shapiro et al., 2005 ) that utilizes shortperiod surface waves and provides better constraints of the crustal structure, and Monte Carlo inversion of multiple seismic data sets (Shen, Ritzwoller, Schulte-Pelkum, & Lin, 2013) , which provides quantitative assessment of the tomographic results and uncertainties. These tools have recently resulted in several large-scale high-resolution 3-D crustal and uppermost mantle models for other continents, such as the continental United States , and eastern Asia ). The resulting shear wave structure map covers the areas of Antarctica that have been well sampled with seismic instrumentation, including most of central and WANT.
In this paper, we first introduce the tectonic setting of continental Antarctica and then describe the seismic data sets used in this study. They include (1) short-period Rayleigh wave phase and group velocity maps derived from ambient noise tomography (ANT), (2) long-period phase velocity maps using teleseismic earthquakes compiled by Heeszel et al. (2016) , and (3) P receiver functions (PRFs) used to further constrain abrupt interfaces at places where stations are deployed. The different seismic data sets are jointly implemented via a Bayesian Monte Carlo sampling algorithm and, at each local site, a posterior distribution is generated. Although all three data sets are well explained by a simple model parameterization for most of the stations, the Moho depth is not as precisely determined as for other continents when PRFs are incorporated (e.g., North America by , because most PRFs from Antarctica are contaminated by body wave reverberations due to the thick ice sheet (e.g., Chaput et al., 2014) . However, we show in this paper that these reverberations do not prevent identification of important structural features. After presenting images of the 3-D model, we discuss the uppermost mantle features that are either wholly new or have been poorly resolved in previous studies using more limited data sets. In the last section, we also describe some possible future work motivated by the findings of this study.
extending into the deep mantle has not been definitely established (Emry et al., 2015; Hansen et al., 2014) . The relationship between the WARS and MBL uplift is unclear Rocchi et al., 2003; Salvini et al., 1997) . Topographically, the WARS comprises a group of subglacial basins. Among these, the deepest is the Byrd Subglacial Basin (BSB), which contains the lowest point of all continental plates. Another notable region in WANT is the Amundsen Sea Embayment (ASE), the coastal area near the Amundsen Sea. Ice sheet models show that the ASE region holds~25% of the West Antarctic Ice Sheet (WAIS) within its drainage basins (Larter et al., 2014) , and accelerated ice mass loss has been occurring in this region for several decades (Joughin et al., 2014; King et al., 2012) . Thus, understanding its mantle seismic structure helps to constrain parameters such as geothermal heat flux and mantle viscosity that are important for cryospheric evolution.
The most notable geographic feature in EANT is the Gamburtsev Subglacial Mountains (GSM). The GSM maintain a high elevation (>2,000 m) in a cratonic geological setting, and their age and origin have been widely debated (e.g., Ferraccioli et al., 2011; Heeszel et al., 2013) although the most recent study summarizes that it is likely has the same age and origin of the East African orogeny (Merdith et al., 2017) , but understanding their origin is still fundamentally limited by a complete absence of geological samples. Adjacent to the high GSM, a set of subglacial basins dominates the subice topography (e.g., the Polar Subglacial Basin [PSB] , the Wilkes Subglacial Basin [WSB] , and Maud Subglacial Basin [MSB] ). Their large-scale, internal structure has been constrained by geophysical studies (Ferraccioli et al., 2009; Pyle et al., 2010; Stern & ten Brink, 1989; Studinger et al., 2004; ten Brink et al., 1993) , but their origins are not fully understood.
The Transantarctic Mountains (TAMs), one of the major Cenozoic mountain ranges in the world (Robinson & Splettstoesser, 1984) , are a 3,500 km-long mountain range with elevations of up to 4,500 m, extending from Northern Victoria Land to the Weddell Sea along the Pensacola Mountains (PMs). The TAM system, together with the Ellsworth and Whitmore Mountains (EM-WM), mark the boundary between the WANT and EANT. The TAM uplift occurs along the flank of the WARS in an extensional environment (ten Brink et al., 1997) and is (Fretwell et al., 2013 commonly considered to be a rift-bounding range for the extensional WARS . In addition, associated elastic uplift has been proposed to explain some segments of it (Wannamaker et al., 2017) . However, the collapse of a high plateau (Bialas et al., 2007) has also been proposed to explain the topography.
Data Analysis
In this section, we describe the data collection and processing procedures used to produce (1) the Rayleigh wave phase and group dispersion maps and their uncertainties and (2) PRFs. Specifically, we demonstrate the high quality of the ANT maps by showing a comparison with maps generated by Heeszel et al. (2016) , which were constructed using a completely independent data set determined from teleseismic earthquakes and two-plane wave tomography (2PWT) (Forsyth & Li, 2005; Yang & Forsyth, 2006) .
Seismic Stations in Antarctica
The data used in this study were recorded over the past two decades (Table 1) by a large set of seismic stations throughout continental Antarctica as well as on other land-based stations in the far Southern Hemisphere. These stations include three large temporary arrays that were used by Heeszel et al. (2016) : TAMSEIS, AGAP/GAMSEIS, and POLENET/ANET stations deployed before 2013. Additionally, we include 20 new POLENET/ANET stations deployed between 2013 and 2015, which were not incorporated into previous studies. These stations substantially improve coverage in parts of WANT as well as adjacent areas of EANT (Figure 1b) . We also use data from 34 stations of RIS/DRIS (Bromirski et al., 2015 (Bromirski et al., , 2017 Diez et al., 2016) across the Ross Ice Shelf (RIS) and 15 stations of TAMNNET array (Hansen et al., 2015) in the northern TAMs. All Global Seismographic Network (GSN) stations as well as several from other national networks across the Antarctic continent and south of À40°latitude, are also employed, bringing the total number of stations used in this study to 219 (see Table 1 for details). Station locations on the continent are shown in Figure 1b . It should be noted that for PRF processing, we only use the stations where we have reliable local surface wave dispersion measurements (i.e., the region outlined in Figure 1a by the black dashed line). About 29 stations from the RIS/DRIS array were deployed on the floating RIS where meaningful RFs are not possible, so these stations are not included in the RF processing and subsequent joint inversion, although phase and group velocities from these stations were used in the ANT. In the end, we use RFs from 144 stations.
ANT and Rayleigh Wave Dispersion Curves
The use of ANT and data from multiple seismic networks to generate high-quality surface wave signals has been shown to be a powerful tool to seismically image other continents (i.e., eastern Asia: . In this study, we follow a similar approach to that study, and therefore, we only provide a summary of the methodology here. (Levshin et al., 1972) of the symmetric component of the cross correlation to obtain the phase and group travel times. These phase and group travel times are further selected by two quality control (QC) criteria: they should be made along path lengths greater than three wavelengths, and their signal-to-noise ratio should be >8. The number of good measurements is the largest for periods near 20 s and decreases at both short (<16) and long (>40) periods due to the decrease of signal-to-noise ratio of the Rayleigh waves.
With these QCed surface wave phase and group travel time measurements, we conduct a straight-ray-based tomography (Barmin et al., 2001 ). The method does not consider the off-great circle path effect and other finite frequency effects, but the bias is small and thus can be neglected in the ambient noise frequency band Ritzwoller et al., 2011) . It is also likely that some measurements along the structural boundaries are affected by multipath effect. But as many paths perpendicular to these boundaries are also included in the inversion, which are less biased, the overall effect is small. Furthermore, when the resulting phase velocity map is compared with that generated by 2PWT (Heeszel et al., 2016) , which does consider multipathing effects and some finite frequency effects, the similarity between the two maps demonstrates that such bias is insignificant at short periods (see the discussion in section 3.3). The straight-ray tomography is performed iteratively, with travel-time measurements discarded during each iteration if their misfit is large (> about 3 standard deviations of the misfit distribution).
Examples of the ANT phase velocity maps are shown in Figure 2 . At short periods (12 s), the map is highly heterogeneous, with high velocities beneath parts of the RIS and the ASE. At intermediate periods around 24 s, which are sensitive to mid and lower crustal as well as Moho depths, we observe a strong dichotomy between WANT and EANT, directly reflective of the significant difference in crustal thickness between these two regions. At 36-and 45-s period, which are mostly sensitive to depths of~40-70 km, the dichotomy decays as uppermost mantle Vs variations are revealed in WANT, while crustal thickness variation dominates the phase velocity variations in EANT, especially at 36 s. Figure 2 also presents the contours within which path density is higher than 100 per 40,000 km 2 (dashed line in Figure 2 ), where the paths are in general dense enough to resolve the regional structures. In this study, we subsequently trim the ANT maps and only retain the measurements that lie within this contour, where horizontal resolution is better than 800 km (more details of the horizontal resolution can be found in the supporting information).
ANT provides two sets of dispersion maps between 8-and 50-s period: phase velocity (example maps shown in Figure 2 ) and group velocity (shown in the supporting information). In this study, we also incorporate longperiod phase velocity dispersion maps obtained by 2PTW from Heeszel et al. (2016) , and use all three sets of maps to construct local dispersion curves. As will be discussed in section 3.3 and Figure 3 , between 26 and 50 s both ANT and 2PWT provide comparative phase velocity measurements, and we combine them through a linearly varying weighted summation scheme that roughly reflects relative map quality as a function of period:
in which p is the phase velocity at period T. At 26 s the ANT data are weighted 1 and 2PWT is weighted 0, and at 50 s ANT data are down weighted to 0 and the weight of 2PWT is weighted 1. The same weighting function is also applied to the uncertainty estimates of the phase velocity. Finally, we thus obtain phase velocity curves between 8 and 143 s. The number of phase velocity measurements varies spatially depending on the quality of the longer and shorter period measurements, so we only retain the dispersion measurements at locations where the number of contributing estimates is greater than 25. The region where the phase velocity curve spans a wide period range (with >25 contributing estimates) is delineated in Figure 1 by the black dashed line, which defines the area for which we derive the final 3-D shear velocity model. Figure 4a shows an example of phase and group velocity curves for station SWEI.
Reliability and Uncertainties of the Dispersion Estimates
The consistency of tomography maps can be evaluated by comparing results that are independently constructed using different data and methods. At periods between 26 and 50 s, our Rayleigh wave phase velocity maps generated using ANT can be compared with those previously constructed with data from teleseismic earthquake waveforms using 2PWT (Heeszel et al., 2016) . The quantitative differences between these maps at 30-s period are small (Figures 3a and 3b ), shown in map view in Figure 3c and as a histogram in Figure 3d . The greatest difference appears near the edge of the maps, and the average difference between the two maps is only 1 m/s (~0.03%), with the standard deviation below 30 m/s (<0.8%). The similarity between the two maps is also observed at other periods. However, below 26 s, the quality of the 2PWT maps is reduced, and at longer periods (~50 s), the ANT maps become less reliable; therefore, in both cases the difference increases. We conclude that the high coherence between the two maps suggests that both sets of maps are reliable and thus can be combined for 3-D shear velocity model construction, with ANT maps used below 26 s and 2PWT maps used at periods longer than 50 s.
We also make a comparative assessment of the uncertainties of the maps. For the ambient noise maps, we estimate the phase velocity uncertainties in two steps: First, we assign the average uncertainties (0.01 m/s) for regions with relatively high path density (greater than 100 paths per 40,000 km 2 ). Second, we scale the uncertainties according to path density for the regions with lower path density with an empirical relationship similar to the approach pursued in earlier surface wave tomography work for eastern Asia, as in . In that study, the empirical relationship was tested using North America data where uncertainties can be obtained by eikonal tomography, and such relationship should not change from region to region. For long-period phase velocity maps derived from earthquakes, Heeszel et al. (2016) estimated formal uncertainties from the posterior model covariance matrix (Forsyth & Li, 2005) . Such calculations underestimate the true uncertainties as they only consider random errors (e.g., they do not reflect systematic biases arising from regularization, which are difficult or impossible to reliably estimate; e.g., Aster et al., 2011) , and the Heeszel et al. (2016) uncertainties are much smaller (~0.5 or less) than those determined from ANT. As a rough accommodation for this discrepancy, we adjust the Heeszel et al. (2016) uncertainty estimates upward by a factor of 2. With this approach, the resulting uncertainties of the ANT maps become approximately consistent with the maps derived from teleseismic earthquakes at overlapping periods, and they become consistent with the map differences shown in Figure 3d . By following Moschetti et al. (2010) and , group velocity uncertainties are scaled from phase velocity uncertainties by a factor of 2, since the group velocity measurements from ANT are less stable than phase velocity measurements. Here we admit that although we have made rigorous efforts to make measurements of the data uncertainties, they still only represent a quantitative estimate of our confidence in the accuracy of the data. 10.1029/2017JB015346
PRFs
PRFs are processed following the procedures of Shen, Ritzwoller, Schulte-Pelkum, and Lin (2013) and . To process the data, we first collect P wave seismic records for earthquakes with Mw >5.5 and distances between 30°and 120°. The seismograms are decimated to 10 sps and are cut with a time window beginning 30 s before and ending 60 s after the P arrival. A cosine taper is then applied, and the horizontal components are rotated into radial and transverse directions. The vertical component is then deconvolved from the radial component using a time domain deconvolution algorithm (Ligorría & Ammon, 1999) . The deconvolution is performed by an iterative linear-inversion scheme in which 200 iterations are performed and a Gaussian low-pass filter (with Gaussian parameter of 2.5) is used so that the final PRFs have a period of~1 s. The QC scheme described by Deng et al. (2015) is applied to select out PRFs for back azimuth consistency. In this QC, we remove the PRFs that are not consistent with other PRFs with similar backazimuths. On average, we retain~100 PRFs for each station. Figure 4b shows an example of a stacked PRF waveform with uncertainties defined by its standard deviation of the contributing waveforms. The strongest amplitudes in the 0-to 3-s time window are reverberations generated by the 3-km thick ice layer underlying the station SWEI (e.g., Chaput et al., 2014) . These signals have higher amplitude and obscure common Moho-converted phases, such as P-S converted phase (Ps). The effect of the ice reduces the capability of imaging the deeper seismic discontinuities and thus produces relatively higher uncertainties in Moho depth of the Antarctic 3-D model compared with similar efforts on ice-free continents (e.g., . However, in section 4.2, we demonstrate that the incorporation of PRFs still enables us to provide some constraints on the crustal and Moho structure, compared with surface wave inversion alone.
Bayesian Monte Carlo Inversion for a 3-D Model
In this section, we describe the construction of the 3-D Vs model using a Monte Carlo inversion algorithm. A Monte Carlo inversion was first applied to this region with a lower resolution surface wave data sets (Shapiro & Ritzwoller, 2002) , but the new model described here incorporates receiver functions and short-period surface wave measurements, which improve the determination of crustal structure. The method used here has been described in detail by Shen, Ritzwoller, Schulte-Pelkum, and Lin (2013) and . The fundamental nature of Monte Carlo sampling is that it presents the assumptions, prior constraints, and results as prior and posterior distributions. Here we discuss the Monte Carlo joint inversion using one station (SWEI) as an example, with a focus on improvement over the inversion with surface wave data alone. Additionally, we present the posterior distributions, both for individual stations as well as map views of the distribution means for key model attributes (i.e., crustal thickness and Vs at specific depths). More detailed discussion of the method such as the depth sensitivity of surface wave can be found in the supporting materials.
Model Space and Monte Carlo Prior Sampling
Monte Carlo sampling is performed in a given model space, dictated by a model parameterization. We here adopt a simple model parameterization following . At each location, the 1-D Vs model is parameterized by four layers: an ice layer with ice thickness predetermined from Bedmap2 (Fretwell et al., 2013) , a thin sedimentary layer parameterized by a linear Vs gradient, a crystalline crust that is parameterized by four cubic B-splines, and an upper mantle layer that is parameterized by five cubic B-splines to~300 km. Below 300 km, the model gradually connects to the AK135 Vsv model (Kennett et al., 1995) . The peak depth sensitivity of the longest period (143 s) used in this study is between 200-and 300-km depth range, but we also notice that it has sensitivity down to a depth greater than 300 km, and a trade-off between Vs above and below this depth still exists, although neglected in the inversion. In each 1-D model, there are three discontinuities: at the base of ice layer, the base of the sedimentary layer, and the base of the crystalline crust (Moho). Surrounding the continent, the parameterization is modified in two water-covered regions. Beneath ice shelves (e.g., RIS and Ronne Ice Shelf), we insert a subice ocean layer, and in regions of open water, we replace the ice layer by a surface water layer. In both cases, we use the water layer thickness determined by Bedmap2 (Fretwell et al., 2013) , zero Vs, P wave velocity (Vp) of 1.47 km/s, and density of 1,000 kg/m different Qs models show that the results are not significantly affected by uncertainties in the Qs model (see the supporting information). In this study, we ignore the radial anisotropy and invert for isotropic Vs structure (Vsv = Vsh = Vs). Because the model velocities are largely constrained by Rayleigh wave dispersion, our final velocity model is overwhelmingly influenced by Vsv.
Based on this parameterization, we define a model space and sample it with a Monte Carlo random walk. The model space is defined by 13 free parameters in total: sedimentary layer top and bottom Vs and its thickness (3), crustal cubic B-spline coefficients and its thickness (5), and mantle cubic B-spline coefficients (5). Such a model space is designed as a perturbation range relative to a predetermined reference model, which is constructed using the local surface wave dispersion inversion. The prior sampling (the Monte Carlo walk without incorporation of any observed data) produces the prior distribution of model ensembles. Example marginal distributions of the prior sampling for model attributes, such as Vs at depths and crustal thickness, are shown in Figures 4f-4h . As we allow a large model space without placing strong prior constraints on the model, the prior distributions are generally broad.
Constructing the 3-D Model With the Posterior Distributions
At station locations where PRFs were obtained, we perform a joint Monte Carlo inversion of Rayleigh wave dispersion and receiver functions. At each station location, the product of the Monte Carlo inversion is an ensemble of 1-D models resulted from the posterior sampling. The posterior sampling is the Monte Carlo random walk guided by the likelihood functions determined by the misfit to observed data (Bodin et al., 2012; Shen, Ritzwoller, Schulte-Pelkum, & Lin, 2013) . If the misfit applies to both the surface wave dispersion and PRF, then the resulting model ensemble is from a joint PRF + SW inversion; if only surface wave dispersion data are used, then we only obtain the SW inversion results.
Figures 4c and 4d present examples of the resulting ensembles of 1-D models for station SWEI that result from the SW inversion alone and from the joint PRF + SW inversion, respectively. With the incorporation of the PRF, the resulting joint model ensemble (Figure 4c ) from sampling the posterior distribution is narrower compared with those that result from surface wave inversion alone (Figure 4d ), especially for the crust. This is because the joint inversion forces the Monte Carlo model search to reject models that are highly inconsistent with the observed PRF (i.e., many of the red PRF waveforms shown in Figure 4e ). The posterior distribution of the crustal thickness (depth to Moho from the bedrock surface), computed from the ensemble of accepted models from the Monte Carlo sampling, narrows noticeably compared to the SW inversion alone. Additionally, the crustal Vs is more precisely constrained: at 15-km depth, the standard deviation of the posterior distribution decreases from 0.06 to 0.03 km/s. For comparison, the posterior distribution of Vs at 80-km depth is largely unchanged (Figure 4h ). This improvement depends on the fact that the ice thickness is known, which allows us to impose an accurate prior constraint on this parameter. In total, we obtain 141 stacked receiver functions in our study area (the corresponding stations are shown in Figure 5b ).
In the regions where PRFs could not be obtained, either because of the absence of high-quality stations or because stations were on an ice shelf where Moho-converted P-S (Ps) phases are not recorded, we perform Monte Carlo inversion with local dispersion curves. Finally, we construct the 3-D model at a regular (0.5 by 0.5°) grid using a two-step approach: (1) For grid points where a nearby (distance <75-km joint inversion result can be obtained, we use a weighted average scheme to combine the nearest joint inversion result with the surface wave inversion alone result locally. (2) For grid points where there are no seismic stations within the 75-km radius, we retain the 1-D model from surface wave inversion. There are many ways to choose the preferred result from the posterior distributions (e.g., the maximum posterior model and the mean model; Mosegaard & Tarantola, 1995) . In this paper, we interpret the mean of the posterior distribution as the best estimate of the Vs structure and Moho, given that the distributions of Vs at each depth are mainly Gaussian (Figures 4f-4h) , and the corresponding covariance is used to estimate the uncertainty.
Results
In this section we present the map views of some key attributes of the 3-D model. Maps of crustal thickness and its uncertainties are presented in section 5.1. In section 5.2, we present some horizontal sections of the 3-D model, extending from depths in the shallow crust to those in the uppermost mantle.
Crustal Thickness
A map of the mean of the posterior distribution for the crustal thickness is shown in Figure 5a . The thickest crust (>55 km) is observed beneath the GSM, which is consistent with earlier seismic studies based on S wave receiver functions (Hansen et al., 2010) and surface wave dispersion Heeszel et al., 2013) . Generally, the spatial variations of crustal thickness are also similar to those estimated by gravity studies (e.g., Block et al., 2009 ), but the absolute crustal thickness of the seismic estimates in EANT are up to 10 km thicker. The TAMs are broadly characterized by an extremely large horizontal crustal thickness gradient: changing from thicknesses of 45-48 km on the EANT side of the range to 20-30 km beneath WANT, consistent with previous more localized studies in the Ross Sea area and the northern TAMs (Finotello et al., 2011; Hansen et al., 2009 Hansen et al., , 2016 Lawrence et al., 2006c; Stern & ten Brink, 1989) . The thinnest crustal thickness is found beneath the TAMs side of the RIS (<20 km), while the Siple Coast side of the ice shelf is relatively thicker (~25-30 km).
The standard deviation of the posterior distribution for crustal thickness (Figure 5b ) provides an estimate of the model uncertainty. On average, regions with thin crust show smaller standard deviation in crustal thickness as well. The incorporation of receiver functions yields lower standard deviation (~3 km) in crustal thickness near station locations. For comparison, joint inversion-derived uncertainties of crustal thickness for the United States are~1-2 km for regions with clear receiver functions . The lower crustal thickness resolution obtained in Antarctica is likely due to the reverberations from the ice layer in the Antarctic PRFs. One notable feature of the map is the relatively high standard deviation along the TAM front. This reflects complex lateral Moho and/or crustal structure, as is indicated by individual PRF analysis (Ramirez et al., 2017) .
Horizontal Slices of the 3-D Model
The Vs model exhibits a number of major structural features, revealed in the horizontal slices at various depths (Figures 6 and 7) . At shallow depths (Figure 6 ), shear velocity variations mostly reflect the thick sedimentary basins and variations in crustal thickness. At~8-km depth below the top of ice (which is~5-6 km below the surface of the bedrock), Vs displays a distinguishable difference between EANT, EM-WM-TAMs, and WANT. In general, shallow Vs is slower west of the high TAMs, whereas Vs is higher to the east, with the fastest region in EANT concentrated near the GSM. One can speculatively associate the high velocities in the GSM with the shallow exposure of metamorphic rocks by mountain uplift and erosion, as is observed for the shallow Vs structure beneath the Sierra Nevada and Front Range Rocky Mountains in North America . The slowest Vs is found beneath the Ross Embayment, in accord with previous seismic studies, in which 2-to 8-km thick sediments in this region are reported (Lindeque et al., At 30-and 45-km depth (Figures 6c and 6d) , Vs largely reflects the variations in Moho topography. At 30-km depth, the fast (uppermost mantle) Vs is seen beneath the WARS and the lowland areas between the WM-EM ranges and the PMs consistent with thinner crust. In contrast, crustal Vs values (~3.7-4 km/s) are found beneath EANT. At 45 km, the fast velocity beneath most of WANT indicates a lithospheric mantle lid (Vs~4.3-4.4 km/s) near this depth, especially around the Ross Embayment (Heeszel et al., 2016; O'Donnell et al., 2017) . Conversely, velocities of less than 4 km/s observed beneath the GSM at 45-km depth are consistent with the Moho being considerably deeper in this region.
In the uppermost mantle, the dichotomy between EANT and WANT dominates the variations in Vs (Figure 7) , which again reflects the seismic signature of the cratonic nature of EANT versus the Mesozoic/Cenozoic extensional WARS. At 60-km depth (Figure 7a ), the slowest Vs is found beneath the TAMs and MBL. Vs beneath the TAMs and MBL is further reduced to sublid velocities below 4.2 km/s at 80 km, and these features are revealed to be connected across the WARS at 120 km, forming a ring-shaped anomaly in the uppermost mantle that encircles a faster region beneath the eastern Ross Sea coast. A slow anomaly beneath the GSM is also seen at 80 km (Figure 7b ), which will be discussed in section 6.4. At 160-km depth, the EANT-WANT dichotomy is observed with a horizontal Vs discontinuity along the TAMs-WARS boundary, and the Vs beneath the high TAMs is more consistent with the EANT Vs. Notably, as the Bayesian Monte Carlo method is used to produce the 3-D model, standard deviations of the posterior distribution for any attribute (e.g., crustal thickness, Vs at depths) provide assessment to the its uncertainty level. On average, the one standard deviations of crustal and mantle Vs are~0.03-0.05 km/s (~1%) and~0.05-0.065 km/s (~1-1.3%) respectively, which are much smaller than the variations displayed in the maps (±5%; Figures 6 and 7) . These uncertainties consider both the uncertainties in data as well as the depth trade-off in surface wave inversion but do not include systematic errors due to assumptions in the Q model and Vp/Vs ratio.
Discussion
In this section, we discuss the notable features observed in the 3-D model. These include the seismic structures (1) along the WARS-TAMs region, (2) beneath MBL and the ASE, (3) beneath the WM-EM system, and (4) beneath the GSM. These anomalies are mainly in the upper mantle. As discussed in section 5.2 and in the supporting material, if the variations are stronger than 2%, they cannot be caused by bias due to the uncertainties in Moho depth and ad hoc prior assumptions on crustal Vp/Vs, density, or Q structure (Dalton et al., 2008 , Lawrence et al., 2006b ). Some of the features discussed here are imaged for the first time (i.e., the low-velocity upper mantle beneath the GSM and velocity variations along the TAM and EM-WM). In addition, although aspects of some features discussed in this manuscript have been shown in parts of Heeszel et al. (2016) and An et al. (2015;  i.e., the slow anomalies in the upper mantle along the TAM front and near the MBL), they are more clearly imaged and thus can be more completely interpreted in this paper. The discussion is accompanied by the presentations of the average uppermost mantle Vs (Figure 8 ) and vertical transects across the study region (Figures 9 and 10 ). 
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Upper Mantle Structure of the WARS and TAMs
Figure 8 presents the Vs in the uppermost mantle, defined as the average Vs between the Moho and 50 km below the Moho (Moho + 50 km). The most prominent feature is a low-velocity belt along the WARS-TAMs boundary, extending from the Ross Embayment to the EMs. The width of the belt varies from <50 km (near the eastern RIS coast) to greater thañ 250 km (along the southern TAMs), with an average width of~100 km. Along the low-velocity belt, the uppermost mantle velocity is generally slower at three regions: the northern TAMs, southern TAMs, and EM. In Figure 8 , these anomalies are marked as S1, S2, and S3, respectively. The upper mantle Vs reduces to a minimum of <4.25 km/s near the southern TAMs (S2). In addition, relatively fast Vs is found beneath the WARS near the Siple Coast and Ross Embayment. In this section, we discuss the geographic distribution and tectonic implications of these features in detail.
The slow uppermost mantle anomaly (anomaly S2) is particularly broad beneath the Southern TAMs. This feature has been observed in lower resolution by Heeszel et al. (2016) , who noted that the lithosphere is missing in this region, perhaps due to either rifting or delamination. As seen most clearly in transect D-D 0 in Figure 10 , a wedge-shaped uppermost mantle anomaly beneath the WARS and TAM front extends~300 km into EANT, coherent with the high plateau east of the TAMs crest. This wedge-shaped anomaly is accompanied by an inclined fast anomaly, which directly connects to the high Vs lithosphere beneath EANT. Beneath the wedgeshaped slow anomaly, the top of the fast upper mantle is located 160 km beneath the surface and~110 km beneath the Moho, remarkably deeper than the high-velocity lid (HVL) beneath EANT. Additionally, the slowest velocities of the uppermost mantle are beneath the only area with Cenozoic volcanism located on the EANT side of the TAM front, at Mount Early and Sheridan Bluff (LeMasurier, 1990; Stump et al., 1980) , and extending farther into EANT (Licht et al., 2018) . By synthesizing these seismic images and geological evidence, we interpret this feature as evidence of active lithospheric foundering, and its possible timing and initiation mechanism have been discussed in a separate paper (Shen et al., 2018) .
One question is whether the lithospheric foundering model discussed in detail by Shen et al., 2018 can be applied to other sections of the TAMs (e.g., the central and northern TAMs) and WM-EM ranges. Similar wedge-shaped slow anomalies are also observed in transect B-B 0 (Figure 9 ) near the central TAMs and E-E 0 crossing WM and Thiel Mountains, indicating possible lithospheric foundering beneath these regions. To further illustrate the spatial distribution of the lithospheric foundering, the Vs difference between the uppermost mantle and at greater depths (i.e., at 200 km) is presented in Figure 11 . Ongoing lithospheric foundering (i.e., the relatively cold, foundering lithosphere beneath the upwelling relatively warm, thus seismically slow, asthenosphere) implies that the uppermost mantle Vs is substantially slow (i.e., <4.4 km/s), and Vs at greater depths (e.g., at 200 km) is much higher. Therefore, the area with positive velocity difference (>0.2 km/s) in Figure 11 , which extends along the TAMs front from the northern RIS at 80°S to the WM, together with the slow uppermost mantle Vs in Figure 8 , highlights the possible spatial distribution of lithospheric foundering.
A recent magnetotelluric geophysical sounding investigation (Wannamaker et al., 2017 ) reveals a thick layer (~200 km) of high electric resistivity beneath the central TAMs near 84°S, which is at the northern end of the slow uppermost Vs (anomaly S2 in Figure 8 ). Such a high resistivity feature is interpreted as a thick, cold, undisturbed lithosphere (Wannamaker et al., 2017) , which suggests a possible sharp boundary between the lithospheric foundering beneath the southern TAMs and a cold, stable lithosphere beneath the central TAMs. Wannamaker et al. (2017) further suggest that a cantilevered flexure mechanism, without strong thermal components, may play a significant role in the uplift history of this region of the TAMs, although broader 3-D seismic structure indicates that such a mechanism would be geographically limited. For example, transect B-B 0 shown in Figure 9 exhibits a similar wedge-shaped uppermost mantle slow anomaly near the 82°south section of the central TAMs. Although this anomaly does not extend into the EANT as far as 400 km like the southern TAMs, it still lies beneath the highest elevation along this transect, suggesting an elevated uppermost mantle temperature which naturally uplifts the TAMs.
In addition to S2, slow anomalies S1 and S3 in WANT near the EMs and northern TAMs (along the Ross Embayment), respectively, are also slower than 4.37 km/s. Horizontally, unlike S2, these anomalies mainly locate within the WARS, extending within 100 km of the high elevation of EM and TAMs fronts. Near anomaly S1, a recent surface wave investigation of the uppermost mantle structure also observes anomalously slow uppermost mantle beneath this region, extending~100-200 km inland from the TAMs front. That study suggests that the low Vs reflects elevated rifting-related temperature and decompression melting. Our results, shown in transects A-A 0 and C-C 0 in Figure 9 , are in general consistent with Graw et al., 2016 . Along transect F-F 0 , crossing the anomaly S3 near the EM, the slowest anomaly near the Moho corresponds to the lowest topography of the BSBs (i.e., near the Bentley Subglacial Trench). It connects with slow Vs observed at the 60-to 120-km depth range beneath the EM, but with a weaker amplitude (only~À2 to À4% relative to the average Vs across the study area) compared with the slow anomaly beneath southern TAMs (~6-10%). Below this slow anomaly, a relatively fast anomaly is seen at depths >120 km. Given the weak amplitude of the slow Vs anomaly, it is difficult to distinguish whether it may be caused by horizontal heat conduction or a lithospheric foundering, but the relatively high velocity at greater depths suggests that perhaps the later is more plausible. In summary, the upmost mantle slow anomaly belt (S1 through S3) along the WARS-TAMs, southern TAMs, and WARS-EM/WM front exhibits the lithospheric modification associated with either the rifting of WARS or the rifting-related lithospheric delamination processes. The seismic images of this WARS-front belt indicate an absence of thick lithosphere and subsequently suggest possible high surface heat flow near these regions.
Another notable feature beneath the WARS region is the existence of a variable-thickness high velocity mantle lid across much of the region. Shown in Figure 8 , a relatively HVL with Vsv~4.45 km/s in the uppermost mantle is found encompassing the eastern Ross Embayment and Siple coast region, extending into the lowland basins (e.g., the BSBs) of the WARS. Outside of these areas, Vs is low beneath both the TAMs-EM-WM belt and MBL (<4.35 km/s) region. This HVL is observed in all six cross sections (A-A 0 through F-F 0 ; Figures 9 and   10 ). In transects A-A 0 , B-B 0 , and C-C 0 crossing the lid beneath the Ross Embayment, this HVL develops eastward of the northern TAMs, with peak Vs greater than~4.52 km/s at~50-km depth beneath the central RIS/RS. Along transects D-D 0 and E-E 0 , the lid separates the uppermost mantle anomaly beneath MBL from the rifting shoulder of WM and EM at depths between the Moho and 60 km. This extensively distributed HVL may represent lithosphere that has cooled since the major WARS rifting episodes of the late Mesozoic (Siddoway, 2008) . Additionally, this cooling lithosphere layer, although thin, provides an upper bound of surface heat flow of the WARS, especially in the eastern Ross Embayment and Siple coast area. It is notable that the HVL is slower (~4.4 km/s) in the vicinity of MBL than beneath the Ross Embayment, which perhaps is due to the conductive heating by higher temperature mantle near MBL. Origins and implications of the features discussed here call for further data collection and analysis. For the feature beneath the TAM, further geodynamic modeling is needed to evaluate its impact to the uplift history and heat flow. A similar approach could be applied to the cooling plate observed beneath the WARS in the uppermost mantle, which will clarify the extension history of the rift.
Seismic Structure Beneath the MBL and ASE
Seismic structure beneath MBL is distinct from other regions of the WANT. At 30-km depth (Figure 6c ), MBL is seen as a slow anomaly compared to the WARS, as the crust beneath MBL is 5-10 km thicker than the WARS (Figure 5a ), in agreement with earlier PRF studies (Chaput et al., 2014; Ramirez et al., 2017) . The thickest crust beneath MBL exceeds 36 km, but with a large thickness uncertainty estimate (>5 km) as it is located at the periphery of our study region. In the upper mantle, MBL consistently shows a slow anomaly throughout all depths. In the shallowest mantle (~60-km depth; Figure 7a ), Vs is 4.25-4.35 km/s, with the very modest anomaly consistent with a thin lithospheric lid in this region. At 80-to 120-km depth the anomaly is much more pronounced and is centered beneath the highest elevation of the MBL dome. This small-scale variation within MBL continues throughout all depths (Figures 7b-7d ) and can be clearly identified beneath the transect C-C 0 (Figure 9c ). Below 150 km, the anomaly persists, with an amplitude of~2% slower than WARS and 4-8% slower than the EANT mantle, consistent with body wave tomography studies of the region (e.g., Lloyd
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Journal of Geophysical Research: Solid Earth et al., 2015) . The slow anomaly is confined within MBL at~160-200 km (Figure 7d ). Below 200 km where the sensitivity of surface wave degrades, it is unclear whether this anomaly continues deeper into the uppermost mantle. Its detailed linkage to midmantle low velocity anomaly, as noted by Phillips et al. (2018) , is not constrained by this study. Figure 12 presents a set of expanded images of the MBL for the upper mantle. At~100 km depth, the LVZ reaches its lowest Vs value (4.1-4.15 km/s) near the Executive Committee Range, where an active subglacial midcrustal magmatism has been identified from seismicity (Lough et al., 2013) . Maximum velocity anomalies of 4-5% with respect to the surrounding WARS are similar to that estimated using S body wave tomography by Lloyd et al. (2015) , but the surface waves give an improved estimate of anomaly depth. This indicates high MBL uppermost mantle temperatures that are consistent with a 200-300°C temperature difference with respect to the surrounding WARS (e.g., Faul & Jackson, 2015) . Small amounts of partial melt, associated with the MBL volcanic systems, may also contribute to the seismic anomaly. The seismic signature is consistent with other studies suggesting a weak mantle plume, causing the MBL thermal anomalies and volcanism (e.g., Accardo et al., 2014; Seroussi et al., 2017) , in that the velocity anomalies near the center of the dome are stronger and extend deeper than surrounding areas. At greater depth (>200 km), body wave tomography (i.e., Emry et al., 2015; Hansen et al., 2014) provides better images of this region, which suggests the presence of a possibly secondary plume structure.
This study also resolves major low-velocity anomalies near the ASE. This region, along with the BSB, shows thinner crust than most of WANT (Figure 6a ), suggesting that the geological history involves major tectonic extensional events. As noted in Figure 12 , the upper mantle from the ASE to near MBL also exhibits slow Vs. Along the transect A1-A1 0 (Figure 12b) , the low velocity beneath the ASE is seen to be connected with the slow Vs anomaly beneath the MBL, which roots to depth near 200 km. Moreover, the slowest Vs in the upper mantle beneath the ASE is confined between~70 and 130 km depth in the mantle, with the slowest valuẽ 4.15 km/s (~6-7% below the average Vs across the region). Beneath the BSB (B1-B1 0 , Figure 12c ), the slow anomaly extends deeper and its amplitude is reduced to~À2-3%. Similar to MBL, we attribute these anomalously low shear velocities to a higher mantle temperature, indicating the presence of a shallow asthenosphere and thin lithosphere. A recent larger-scale seismic study (Lloyd et al., 2017) shows that these anomalies extend along the coastline toward the Antarctic Peninsula and also offshore beneath the adjacent ocean basins. Considering that this area holds~25% of the WAIS within its drainage basins (Larter et al., 2014) , the slow Vs, together with the thin crust and lithosphere, have a particular importance for the possible linkage between future Antarctic ice sheet collapse rate and mantle viscosity-mediated GIA (Gomez et al., 2015) . Recent observations of extremely rapid uplift caused by GIA can only be modeled with very thin lithosphere and low-viscosity upper mantle (Barletta et al., 2017) , consistent with the findings presented here.
Seismic Structure Near the WM-EM and PM Systems
Near the Thiel Mountains, the high elevations of the TAMs bifurcate into two mountain systems (Figure 1a) . One branch extends along the Whitmore Mountains to the Ellsworth Mountains (WM-EM system), and another extends to the PMs (PM system), with the two ranges separated by the drainage basins flowing into the Ronne Ice Shelf. The WM-EM region represents a Precambrian terrain originally located between the EANT and African cratons that rotated into place during the breakup of Gondwana (Dalziel, 2007) .
At shallow depths, several distinct seismic features are observed in this region. The crust between the two mountain ranges is much thinner than adjacent crust in the Ellsworth Mountains and EANT ( Figure 5 ), and the thin crust likely extends farther north beneath the Ronne Ice Shelf (RoIS) given the low topography there. This feature can be observed directly in the 20-to 36-s surface wave velocity maps (Figures 2 and 3 ). Crustal thinning in this region is also compatible with gravity results indicating thinner crust and likely results from extension accompanying the opening of the Weddell Sea during the Jurassic (Jordan et al., 2013) . The crustal thickness of approximately 40 km beneath the EM is considerably thicker than beneath the WM (~30-33 km), perhaps due to a combination of (1) the fact that the EM are in the core of the Gondwanide orogeny and may have had a deeper crustal root and (2) a disruption of the WM by the thinning process. The middle crust beneath the WM-EM is also slower than in adjacent regions, possibly indicating a more felsic composition, as suggested from body wave tomography by Lloyd et al. (2015) . We note that the northern areas of this region are near the edge of our study area due to a scarcity of regional seismic stations, so the uncertainties of the model are higher (e.g., Figure 5b ).
In the shallow mantle, to~120-km depth, the WM-EM system shows a much different structure from the PM branch of TAMs. In general, the WM-EM terrain is prominently slower than the PM and the lowland between the two ranges (Figures 7a-7c) . The slower velocity indicates a warmer uppermost mantle, consistent with evidence of younger volcanism in the vicinity of WM-EM . The slowest region, at 80-km depth (Figure 7b ), is continuous with slow regions along the TAMs front and beneath the Southern TAMs, suggesting a link between TAMs and WM-EM uplift. Additionally, the slowest anomaly in the uppermost mantle is located beneath the Bentley Subglacial Trench adjacent to the WM-EM, which may be the location of a late Cenozoic rift (Lloyd et al., 2015) . At depths >160 km, the region between the PM and WM-EM is considerably faster than the WARS, suggesting that this area is distinctly different in structure and geological history from the WARS. The faster mantle velocities are consistent with a greater age of last tectonic activity for this region relative to the WARS. Specifically, the area between the PM and WM-EM underwent extension during the Gondwana breakup during the early Cretaceous (Grunow et al., 1991) , whereas the WARS has been tectonically active during the Cenozoic (Cande et al., 2000; Granot et al., 2010) . Also notably beneath the WM, a slow uppermost mantle anomaly is found between 60-and 120-km depths (Figure 10 transect EE'), indicative of a possible mantle foundering beneath this region as well.
Seismic Evidence of Compositional Variation in the Upper Lithosphere Beneath GSM
The GSM is a broad region (>160,000 km 2 ) of high topography (greater than 2,000 m) in EANT (Figure 1a) . Imaged by S wave receiver functions and by surface waves (Hansen et al., 2010; Heeszel et al., 2013 , and this study), the GSM shows the thickest crust beneath Antarctica (~55 km). The implication from seismic studies is that the elevated topography is isostatically supported by thick crust. In contrast, gravity-derived Moho depth beneath the GSM is thinner (Block et al., 2009) , but if a different crustal-mantle density contrast is assumed, it is consistent with the seismically derived Moho (OʼDonnell & Nyblade, 2014) . The difference between these results may come from the different definitions of Moho (i.e., the seismic Moho versus the petrologic Moho). Alternatively, it may be due to an unusually dense deeper crustal root (Ferraccioli et al., 2011) or an anomalous density excess in the uppermost mantle. As seen in Figure 8 , a relatively low velocity in the uppermost mantle is observed in EANT. slowest velocity in the uppermost 50 km of the mantle is~4.45 km/s, which is more than 2% slower than surrounding regions of EANT (~4.55-4.6 km/s), and about 3% slower than the velocity beneath the GSM at greater depths (i.e.,~4.65 km/s at depths >110 km). This feature is also seen in vertical transects crossing the GSM region (transects BB 0 and D-D 0 shown Figure 9 , but more clearly in transects 1-1 0 , 2-2 0 , and 3-3 0 in Figure 13 ). The east side of the anomaly is close to the boundary of our study region, so whether it extends out of the study region is unknown. Notably from vertical transect 1-1 0 (Figure 13b ), this anomaly is approximately centrally positioned near the highest elevations of the GSM; thus, we refer to it as the GSM anomaly hereafter. Below, we argue that the GSM anomaly bears a compositional origin and perhaps a high-density zone between the Moho and~110-km depth that can perhaps reconcile gravity and seismic observations.
Shear velocity in the uppermost mantle has a high trade-off with estimates of Moho depth , and the GSM anomaly is observed right beneath the Moho, so its reliability needs to be tested. (Figure 14e ) and 4.41 km/s for the shallowest Moho case (Figure 14f ). For comparison, the average value is 4.60 km/s for point 2 off the GSM (blue distributions in Figure 14) . The standard deviation of the posterior distributions is~0.05 km/s (~1%), but the mean value of the average velocity in the uppermost mantle depth is stable with respect to Moho depth variations. These tests enable us to conclude that the GSM anomaly presented in Figure 8 is reliable. Additionally, no evidence shows that such anomaly is due to radial anisotropy.
Fast velocities observed at depths of 120-250 km beneath the GSM strongly indicate that the craton-style cold temperatures prevail at these depths. A hypothesis of high-temperature mantle underlain by a lowtemperature lithospheric root is thus difficult to support and is inconsistent with the GSM being generally considered to be an Archean/Proterozoic block with no significant tectonism since the Mesozoic (Ferraccioli et al., 2011; Hansen et al., 2010; Heeszel et al., 2013) . Any temperature perturbation in the lithosphere from earlier, deeper mantle convection should be largely homogenized over this long time period.
Compositional factors, on the other hand, are good candidates to interpret the GSM anomaly. Fertile mantle (with a lower Mg and higher Fe contents, and is capable of producing basaltic melt) has slower seismic velocity than normal subcratonic lithospheric mantle. A decrease of five in the Mg number (or corresponding increase in Fe number) will cause an~2% decrease of Vs at mantle depths (Deschamps et al., 2002; Godey et al., 2004; Jordan, 1979; Priestley & McKenzie, 2006; Schutt & Lesher, 2006; Yan et al., 1989) . A difficulty for such an interpretation is that xenolith studies in other cratonic areas generally reveal a fertile mantle at greater depths. For example, beneath the North America, fertile xenoliths usually originate from about 200-km depth (Gaul et al., 2000; Griffin et al., 1999 Griffin et al., , 2004 O'Reilly & Griffin, 2006) , unless the uppermost mantle has been refertilized. Stealth metasomatic refertilization processes have been proposed (Malkovets et al., 2007; O'Reilly & Griffin, 2013) to generate fertile lherzolite at shallower depths through a continued input of melts/fluids from the asthenosphere below. In our images, the GSM anomaly beneath the GSM does not connect to any vertical slow Vs conduits at greater depths. If such conduits exist, then they are too thin to be observed by our current images.
Another possible mechanism is mantle eclogitization from subduction prior to or during a compressional orogeny that thickened the crust of the GSM. During a continental collision or crustal subduction, partial eclogitization in the uppermost mantle may occur as crustal materials were pushed at mantle depths, and an eclogite-rich (more precisely, granulite-garnet-pyroxenite-rich) zone would form from the foundering of the lower crust (Lee, 2014) or crustal subduction of the colliding plates (Austrheim, 1991) . In that case, an uppermost mantle pyroxenite-rich eclogitization zone may be the cause, as pyroxenite has substancially slower velocity than mantle peridotite (Gao et al., 2000) . Alternatively, amphibole-rich lithological composition (e.g., restite created by melt extraction at the top of the lithospheric mantle or paragasite usually observed in lherzolite) also has a lower seismic velocity signature. The restite-rich model has been proposed to explain an uppermost mantle LVZ beneath the Baltic Shield (Bruneton et al., 2004) . In that study, a combination of 60% of restite and 40% of harzburgite would produce a slower uppermost mantle (~3% slower than the harzburgite mantle xenoliths). In contrast, the paragasite-rich model has been proposed to interpret a moderately slow uppermost mantle in central Australia (Fishwick et al., 2005; Fishwick & Reading, 2008) , where the Australian cratons amalgamated/collided in the Proterozoic (Kennett et al., 2012) . Notably, the central Australian anomaly displays a similar Vs value at 75-km depth, underlain by very fast anomalies from 125 to 250 km (Fishwick & Reading, 2008) . The region is too far away from the GSM to represent the same terrain or to have an identical geological history but probably represent similar phenomena.
Mantle eclogitization and/or the existence of amphibole-rich restites/paragasites preserved in the uppermost mantle would have a substantially different chemical composition compared with normal subcontinental lithospheric mantle rocks. Notably, mantle eclogitization indicates extra density gain from the uppermost mantle, which might resolve the differences of Moho depth seen by seismologic inversion (Hansen et al., 2010; Ramirez et al., 2016) and gravity studies (Block et al., 2009 ). Since the region has high topography and a complicated tectonic history (Ferraccioli et al., 2011) , other geological and petrological evidences will be required to clarify what mechanism(s) are responsible. Given the high correlation between the localities of the high elevation of the GSM and the upper mantle LVZ, however, if any mechanism explains the LVZ, it will also shed lights on the geomorphic and topographic evolution of the GSM. To better understand this mechanism, a more sophisticated gravity modeling (Fischer, 2002) or joint analysis of seismic evidence and gravity data could usefully test the hypothesis.
Summary and Final Comments
We have analyzed a comprehensive collection of seismic data collected from Antarctica to construct the Rayleigh wave phase and group velocity maps using ambient noise cross-correlation. The coherency between the phase velocity maps from ambient noise and from teleseismic earthquakes confirms the high quality of both maps and allows us to combine both data sets to construct local dispersion curves over a wide range of periods (from 8 to~150 s). Using these local dispersion curves together with P receiver functions, we constructed a 3-D model of the crust and uppermost mantle beneath West and central Antarctica. The model reveals a variety of crustal/uppermost features including (1) a localized uppermost mantle slow velocity belt extending from the Terror Rift in the Ross Sea along the TAM front, and continuing along the front of the EM-WM. This low-velocity zone is likely the trace of a Cenozoic rift system; (2) a mantle delamination with seismic signatures of (a) the missing lithosphere lid beneath the southern TAM, (b) a wedge shaped LVZ beneath the TAM front, and (c) a dipping interface between slow/warm WANT and fast/cold EANT (noted and described in detail in Shen et al., 2018) ; (3) a region of thin crust and intermediate velocity upper mantle between the EM-WM and PM, a transitional region between the WARS and EANT; (4) thin crust and slow uppermost mantle beneath the ASE, indicating a thin lithosphere in this area; and (5) a slow uppermost mantle beneath the GSM extending to~100 km depth, which we hypothesize may be a compositional variability related to orogenic processes.
This 3-D model can serve as a basis for future improvements of our understanding of the Antarctic continent. First, the current model does not cover large parts of EANT, as station coverage is still poor in many regions. As more data become available, future extension of the 3-D model to cover the whole continent will be important to reveal additional features. Second, this 3-D model only represents our knowledge of the Vsv structure, to which the Rayleigh waves are most sensitive. Love wave analysis can provide complementary Vsh information and, along with mantle shear wave splitting, allows mapping of the azimuthal and radial anisotropy, which provides important constraints on mantle fabric, deformation history, and flow. Third, by adding other types of measurements such as Rayleigh wave horizontal-to-vertical (H/V) ratios observed with both earthquakes and ambient noise, which is sensitive to the shallowest several km of the Earth , the ice sheet structure (including its thickness and internal structure) and subice contact can be better constrained. Finally, the data sets collected here can be further exploited by performing thermodynamic inversion to better estimate the thermal structure of Antarctica (e.g., Shapiro & Ritzwoller, 2004 ). Such a model can provide important estimates of lithospheric thickness, surface heat flow to the base of the ice sheet, and with the incorporation of rheological constraints, mantle viscosity.
